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Block 20, Abstract, continued.
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Résults from two different data analyses show that: (1) The tangential wind
speed along the vadtal axis decreases exponentially outward from the radius of
makimm wind; (2) In addition to persistence, the change of a tropical cyclone's
sg:‘ d:gem ‘tim'ly .on the ch%hgt:;;’th: utzim wind; a:dv(3s) Th: assymetric
s : sotachs correlate ghly to the speed of movement.—

<>Based on these findings, a statistical wind-radius forecast model was
formulated and tested on independent 1979 data. Results show that a time lag
exists betnenm t:.:e nci:l\n:_nge of minninind .:jnd the change ofiw:n‘d ragﬂ. whhlch
suggests t t nd-pressure ent ustments mpy originate from t
inner core of the storm and slowly propagate outward..%ze results also indicate
that the statistical forecast model possesses a skill equal to that of an
average JTWC forecaster's wind radius forecast.
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1. BACKGROUND

The success of a Navy operation could well depend upon
accurate forecasts of the hazardous sea conditions which are often
generated by the surface winds of an approaching tropical cyclone.
Appropriate evasive actions could ensure the safety of fleet units
and reduce storm damage to a minimum.

An important forecasting task of the Joint Typhoon Warning
Center (JTWC) on Guam is the issuing of radius forecasts for the
winds over 30, 50, and 100 kt around tropical cyclones. Despite
the importance of these wind radius forecasts, very few diagnostic
or prognostic studies of them have been made because of the
scarcity of observed data. This present study has a twofold
intent: (1) to deduce a typical surface wind distribution around a
western North Pacific tropical cyclone; and (2) to develop objective
forecast aids to predict the tropical cyclone surface wind
distributions.

The existence of an organized wind distribution near the
surface around a tropical cyclone was suggested first by Byers
(1944) and Deppermann (1947). Deppermaﬁn used data collected from

typhoons near the Phjlippines and proposed that the surface wind

distribution profile outside of the eye wall of the tropical cyclone
could be approximated by a Rankine Vortex. In consideration of the
momentum loss caused by surface friction, Hughes (1952) and Riehl
(1963) modified the Rankine Vortex wind profile to,

a

vr® = const, (1)
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where v is the tangential wind speed, r the radius and o« = 0.55, the
empirically determined constant for the winds at gradient level
(~900 mb). Shea and Gray (1973) used the data compositing technique

and showed that o can vary from storm to storm. Sheets (1978)

St R LAY, o

applied the above wind radius relationship to data collected by NOAA
P-3 research aircraft during penetrations of Atlantic Hurricane

Anita (1977), and found o varying from 0.2 to 0.7.

Pty

"Using a gradient wind relatibnsh1p to describe the wind distri-
bution around a tropical cyclone, Holland (1980) pointed out that
‘ shape and scale parameters had to be estimated to use his amalytical
i? model in an operational environment. This involved the estimation
0 of the maximum wind (Vg,,), which could be accomplished by using the
Atkinson and Holliday (1977) method or the Dvorak (1975) method, and

the estimation of the radius of the maximum wind which relied on

Pod s’ ¥ 1 088 P )

some climatological relationship.

The results of these several studies were difficult for the

bl alal

Navy to use, since most of the tropical cyclone wind distributions
dealt with gradient level winds. In general, surface winds were
,3 derived by extrapolation from gradient level winds by using the
climatological relationship suggested by Bates (1977). In addition,
‘study results were based on the data collected from Atlantic
: tropical cyclones whose wind distribution may be different from that
of the western North Pacific tropical cyclones.

This present study seeks to circumvent data scarcity probliems
and to produce and forecast a realistic asymmetric surface wind

8 distribution around a western North Pacific tropical cyclone

........
.......
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%; 2. DISCUSSION OF DATA SOURCES

‘§§ Possible data sources for surface winds around a tropical

;; cyclone of the western North Pacific region are land, ship and

%; ﬁ aircraft observat1ons; Land stations can provide accurate wind

;% , data from approaching storms, but these wind reports are often

" biased by local geography/topography; furthermore, few tropical

,g’ cyclones come close to land. Shipboard observations of strong

Ej surface winds over 30 kt around tropicaIAcyclones on the open sea

f: obviously are rare. Surface wind estimates obtained by reconnais-
E; sance aircraft during storm penetrations, in fact, are the only

‘gf data sets that regularly provide wind records.

i: At JTWC, information on tropical cyclone surface winds comes

§ mainly from these reconnaissance reports. During aircraft penetra-
,ﬁ tion, the weather officer aboard continuously converts sea condi-

; tions to surface wind speeds on the Beaufort wind scale. Under most
% conditions, JTWC forecasters are able to acquire detailed descrip-
;i tions of surface wind conditions via radio link with the weather

: officer on the aircraft; forecasters generally obtain this wind

g information about three hours before the warning time. Given all
ﬁi available wind reports, forecasters analyze the wind field and issue
; "subjective 30-, 50-, and 100-kt wind radius nowcasts (warning time
; wind field) and 24-, 48-, and 72-hr forecasts.

tﬁ The wind radius data used in the present study were extracted
: v from a total of 5756 JTWC tropical cyclone warnings issued during
ié the period 1966-77. A typical warning is shown in Fig. la.
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Fig. 1. Examples of (a) typical tropical cyclone warning for the
western North Pacific and (b) octant radii of 50 and 30 kt

winds extracted from the warning.
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_Fdr pqﬁpqseﬁ Qf the asymmetry study, the wind radius is broken
into tqQ‘gighg ocgant conponents’shown»in Fig. 1b. The first octant
1s ‘§_1sg}g'§gd'l§y thé dj'rae“ctf‘on‘ of the ﬁovement of the storm; the other
seveﬁ'oégints rotate clockwise around the center. Given the
des;rjption of‘ghg warning, tﬁe wind radius values are always filled

from the first octant to eighth. Since the description does not

always coincide with the octant angle limits, however, some shifting

and iruncatingvare necessary. The lqrger wind radius report is
alwa;s deconpo;gd first._and a rounded off operation toward the
first octant is applied whenever necessary. Fig. lb shows the

decomposition and the shift of the 175 nmi semicircle of the 30-kt

wind radius. Storm position and movement data are extracted from

JTWC's Best Track file, which is a data set containing subjectively
smoothed paths of tropical éyclones produced by post-analysis of
each storm. Best Track pqsitiaﬂs are used here tnstead of actual
warning time positions because the Best Track file maintatns a good
conttinuity of position reports that provides a consistent and
logical record of storm direction and speed. '

Three characteristics of the data set should be mentioned here,

in view of the nature of the data source and the decomposition

‘procedure; these characteristics actually will dictate the course of

(1) R sensitivity analysis comparing the five tropical cyclone
warnings with actual ship surface wind reports was conducted for

this study, and no significant systematic bias either overestimating
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or underestimating wind radius reports was feund. Although indivi-
dual estimates may not be as accurate as desired, the average value
or the mean value of 5756 warning reports should still hold true.

(2) The third and the seventh octant wind radii, which corres-
pond to the right hand side (RHS) and left hand side (LHS) wind

radii of the storm, are the most reliable estimates; note that these

radii were indicated in the warnings (Fig. 1).

(3) It is probable that some of the symmetric tropical
cyclones in the data set were actually asymmetric cyclones. In
these cases, it is probable that only the largest (or the RHS) wind

radius was reported.

3. SURFACE WIND DISTRIBUTION
3.1 Azimuthal Wind Distribution

One of the purposes of this study is to examine the asymmetric
nature of a typical tropical cyclone. As discussed by George and
Gray (1976) and Frank and Gray (1980), the symmetric pressure
perturbation of a tropical cyclone imposed upon a large-scale
pressure gradient results in an asymmetric wind distribution around
a tropi..l cyclone. They showed that the wind at the RHS (right
hand side) of the storm is indeed greater than the wind at the LHS
(1eft hand side). The asymmetry (A = rL/rR)> Which is defined as
the ratio of the wind radius at the LHS (r{) to that of the RHS
(rr)» was significantly different from unity in the area about 120

to 240 nmi1 from the center. To Navy users, though the asymmetry of

the tropical cyclone 1s important, the asymmetric shape of the

TN



entire storm is just as important. For example, ship routing for
the purpose of storm evasion requires the information of the wind at
specified locations around a tropical cyclone.

In considering a typical asymmetric shape of a tropical
cyclone, the first obstacle to be overcome is the scaling of the
storms, since the size of a tropical cyclone or the extension of the
50 kt and 30 kt wind radii varies drastically from case to case. To
standardize the size distribution in this study, the radius at the
RHS of the tropical cyclone is said to be one, and the seven other
radius components are made to be fractions of the RHS radius. Of
the entire 12-year data set, the mean for the asymmetry of the 50-kt
(30-kt) wind radius (Fig. 2) is 0.73 (0.84) with standard deviation
of 0.14 (0.15).

The comparisons of the other octant radii with respect to the
radius at RHS are also shown in Fig. 2. It is encouraging to find
that the mean wind radii for different speeds are all asymmetric and
confined in a smooth circle. It is reasonable, therefore, to
approximate the shape of the surface horizontal wind distribution as

a function of the azimuthal angle (g8), such as,

Ay = rg/rp =1 - (1-A) [1 + cos(e - 270)1/2, (2)

where 8 1s the angle in degrees measured clockwisely from the direc-
tion of the storm movement, and Ae is the asymmetry at azimuthal

. angle 6, and is defined as the ratio of the radihs at e(re) to the
radius at RHS (rp) of the tropical cyclone. As a result of this
expression, which conveniently but realistically assumes a sinusoi-

dal vartiation of asymmetry around the center, the complex asymmetry
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problem is significantly simplified. If the above expression is

used in real time, the extent of wind radius around the center of a
storm can be deduced from just one observed asymmetry.

An examination of the asymmetry shows that the asymmetry does
not vary significantly with the maximum wind, direction of movement,
location, and season of the tropical cyclone, but rather that it
responds to the speed of the storm's movement: the faster the stofm
moves, the greater the asymmetry becomes. The correlation between
the asymmetry and the speed of the movement (VWmyt) is estimated
from the average asymmetries of 1 kt class intervals of the VVg ¢,
The sample size of each speed class ranges from 29 to 336 cases.
There are 19 classes for 30-kt wind radius asymmetries and 18
classes for 50-kt asymmetries. The regreésion equation for the

50-kt wind radius asymmetry (Ag5g) estimated from the average values

of the classes is,
Asg = rL/rR = 0.863 - 0.005 VVmvt, (3)

and for 30-kt wind radius asymmetry (A30) 1S

A30 = rL/rR = 0.904 - 0.007 VVmyt, (4)

where VVpyt 1S measured in kt. The Student t test value for
regression Eq. (3) is 41.48. The Student t value at 0.05 signifi-
cance level (t.05) 1s 4.45 for 17 degrees of freedom (df). The t
value for Eq. (4) 1s 28.94 (t g5 = 4.41; df = 18). These regression
coefficients were tested through a 10-time jackknife procedure, and

the results did not vary significantly.




e M W e —— T e A T T~ R e N e T TR T e e s l

3.2 Radial Wind Profile

Since the azimuthal winds can be estimated by Eq. (2), the
entire wind distribution around a tropical cyclone can be estimated,
if a referent wind distribution profile along a radius is known.

The third octant radial wind profile is selected as the reference
profile for two reasons: (1) the third octant is the most data rich
octant since the wind radius at the RHS of the cyclone is nearly
always reported; and (2) even when the asymmetric storms are
reported as symmetric storms, the reported wind radius usually is
the largest radius; hence, the RHS radius data should be the most.
reliable in comparison with the data in the other octants. In the
following discussion, if not otherwise specified, the radius, r,
refers to the radius at the RHS of the tropical cyclone.

Estimating the radial wind profile at the RHS of the storm 1is
not as straightforward as it seems. Of course, it would be most
desirable if wind reports were evenly distributed along a radius,
i.e., the wind radii reports were made at various wind speeds.
However, for the above described data set, this was not the case.
Though the data set contains over 5700 reports, each report consists
of only two data points, namely the wind radii of over 30 (r3p) and
50 kt (rgp). (The wind radius of over 100 kt i1s rarely reported.)

A data compositing technique used here to circumvent this awkward-
ness utilized a scaled wind speed, V/Vgpax» Which, by definition,
ranged from O to 1. The wind speed (V), of course, had only the two

values of 30 and 50 in this data set. Fig. 3a illustrates the

conversion of a report for Vg, = 90 kt, r50 = 100 n mi, and r3gQ =

300 n mi.
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After all wind radius reports are converted into scalar winds,

a new data set consisting of RHS radii and their corresponding
scalar wind speeds is formed.

Fig. 3b and Table 1 show the average radii, r, and their
standard deviations, ¢, of all scalar wind speeds found in the data
set. If the number of data points is less than 30,hthe r is not
computed and is not listed or plotted. The exponential curve in

'Fig. 3b is the plot of,
V/Vgay = eP(F-15), (5)

where g8 = -0.00511, which was obtained through the least-squares fit
of the 32 average radii shown in Table 1. The constant 15 in Eq.
(5) 1s prescribed average radius of the maximum wind in nmi. The
Student t test for the 8 was 6.06 (t g5 for df = 29 is 2.05). Since

two boundary conditions (V = Vmax and V = 0) are used, only 29
instead of (32-1) degrees of freedom are counted. From Fig. 3b, it

seems that the radial wind profile around a tropical cyclone
comfortably assumes an exponential profile. Fig. 4 shows the compa-
rison betweeh Eq. (5) and the typical radial wind profile of western
North Pacific typhoons compiled by 6. Bell (Tse, 1972), Royal
Observatory, Hong Kong. The vr0:55 and vp0:33 curves are also
plotted in Fig. 4 to delineate the shapes of the V.* family. To
standardize the comparison, the maximum wind used is 92 kt and the
radius of the maximum wind (rynax) 4s 20 nmi. Both values are
extracted from the compilation by Bell. As shown in Fig. 4, the

exponential curve is very similar to the curve compiled by Bell;

..............
................
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average wind radius, r, and its standard

fication is made according to the scalar

5. The column No. Obs. shows sample size
class.

l::u‘l.::r V/Vmax | No. Obs. |¥ (n mi) | o(n mi)
1 .91 273 40 25.9
2 .83 425 40 30.6
3 .77 424 50 33.4
4 .1 325 60 34.7
5 .67 319 60 38.7
6 .63 281 70 38.8
7 .59 258 80 39.1
8 .56 234 90 44,1
9 .55 415 160 78.8

i0 .53 166 90 40.4

1 .50 715 140 71.9

12 .48 130 90 43.9

13 .46 462 180 75.8

14 .45 115 100 42.5

15 .43 431 160 73.5

16 .42 96 110 47.1

17 .40 392 180 76.1

18 .38 366 180 78.6

19 .37 32 110 38.0

20 .36 as 120 42.0

21 .35 259 210 74.6

22 .33 261 210 80.1

23 .32 in 220 75.1

{ 24 .30 202 220 75.3

25 .29 133 220 78.4

26 .27 115 230  81.0
27 .26 97 240 80.8
28 .25 96 250 76.7
29 .24 68 250 69.9
30 .23 84 260 87.5
N .22 2 260 83.1
3 .21 57 260 68.4
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however, it deviates from the v-r curves in the area close to the
center of the cyclone, where the Vr0.55 and the Vr0.33 curves tend
to confine the high winds near the center. The validity of the
deviations at the lower (V/Vy,,<0.2) part of Fig. 4 is difficult to
assess since the wind spegds are approaching the environmental
winds. Holland's (1980) radial profile for a tropical cyclone, used
in conjunction with climatological parameters, is very similar to
the Vr0.55 curve.

Once the winds are scaled, the radius also must be scaled.
With two radius reports in each observation, however, the wind
radius of a tropical cyclone is rather difficult to scale. Riehl
(1963) argued that fhe rymaxs the radius of maximum wind, should be
used as the scaling radius. In this study, however, rynax could not

be treated as a practical referent radius for two reasons: first.

Tvmax i1s seldom reported because the shavpe and s1ze of the eye are

often obscured by cloud cover; and sécond. the rymax Usually ranges
from 10 to 30 nmi, so a5 nmi error in the estimation can lead to

a 15-50% error in scaling. Obvtously, it is not desirable to use

such an estimator as a referent radius for scaling in the opera-

tional environment. To avoid the inherent errors in rymax, the r1/2
{the radius where the wind is half of the maximum wind), which

equals 150 n mi1 (truncated from 154 n mi) estimated from Eq. (5),

was chosen as the referent radius. Using the scalar radius

(r-l§)/(r1/2-15). Eq. (5) becomes

V/Vpax = €'R/R1/2 , (6)
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where R and R}/2 are the radial distances from the maximum wind and
vy = -0.00511(150-15). To check the validity of Eq. (6), v is re-
estimated by using monthly data. Through the least-squares fit, the
estimated vy values varied from -0.638 in April to -0.722 in
September, and to 0.658 in November. Evidently, there is a very
small seasonal variation which peaks in late summer. For the sake
of consistency and simplicity for operational consideration, the v
‘in Eq. (6) is set to -0.693 so that when R = R1/2, V 1s exactly half
of Vmax*

It should be stressed here that the exponential curve of Eq..

(6) is deduced from the average radii, not from the warning reports,
because:

(1) Wind reports used in this study are not derived from
measurements, bu. from estimates of the true value. With
as many estimates as are shown in Table1l, it is believed
that the central limit théory would apply, 1i.e., the
averaged value of a sample approaches the true mean.

(2) To examine the average radii is consistent with the
purpose of this study, which is to produce a typical
radial wind profile for the typical western North Pacific
tropical cyclone.

An example of the application of Eqs. (2) and (6) is 1llus-

trated in Fig. 5.* The low level (900 mb) wind field (1ight wind
barbs in the figure) of 1977 Hurricane Anita was derived from two

GOES-E images 7 1/2 min apart (Rogers et al., 1979). The heavy wind

barbs to the north of the center of Antta which 1s the RHS of this

*Step-by-step computations of the wind radii
are demonstrated in the appendix (p. 37).
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Fig, 5. Low-1level winds (li?ht barbs) around Hurricane Anita,
generated from two satellite images 7.5 min apart; and
wind: (hea:y barbs) estimated from Eqs. (2) and (6). Units
are in ms~!,




hurricane, are estimated from Eqs. (2), (3), and (6) by using the

40 ms-1 winds located southeast of the center and using the best
track Vmax (70 ms-1) as inputs. The heavy wind barbs to the south
of the center are estimated through Eqs. (2), (3), and (4) by using
the climatological asymmetries. It is a simple task to fill in the
winds in any other direction not shown in Fig. 5 by changing the
azimuthal angle in Eq. (2). It is evident that the winds within the
‘circulation of Hurricane Anita are adequately estimated.

Hence, it is reasonable to conclude that: (1) the winds around a
tropical cyclone are exponentially distributed along a radial axis
from the radius of maximum wind; (2) the size of a cyclone is highly
correlated with the maximum wind; and (3) the shape of a cyclone

depends on its speed of movement.

4. WIND RADIUS FORECAST

Another purpose of this study is to produce a simple opera-
tional wind radius forecast program which can aid JTNC in the
development of tropical cyclone wind radius forecasts. Given the
diagnosis of surface wind distribution discussed earlier, it is
obvious that maximum wind forecasts should be strong predictors for
wind radius forecasts. TJ ensure that this relationship does not
arise because of the particular diagnostic approach utilized, a
traditional approach should be used in the derivation of the wind
radius forecast algorithm.

To correlate statistically the variation of RHS wind radius (Y)

as the predictand to the variation of the other meteorological

variables (Xl,xz....xp) as the predictors, one can assume that,

Y=zzagyxlii=0,1,2...p, andJ=0,1,2..., (7)
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where p is the number of meteorological variables and a;4 is the
regression coefficient of 1th meteorological variable at jth power.
0f course, for physical reasons and computational constraiats, j
usually is no more than 2.

Though this assumption is reasonable and realistic, it has two
practical obstacles if the JTWC data set is used. First, it is
difficult to know the power relationship between a particular
predictor and the predictand, so the initial regression function is
difficult to construct. Second, this assumption makes the physical
evaluation of the regression coefficients difficult because of the
difference in the units and dimensions from.one predictor to
another. However, an alternative regression function can be used
here assuming the correlation exists between the explicit change of

the predictand and the predictors. The function can be expressed as

AY/Y = bo + ? b1 AXi/Xi +e 3 i=1,2, ... p, (8)

where AX and AY are the changes of X and Y in time, the by's are the
estimated constant regression coefficients, and ¢ is the residual.
Actually, Eq. (8) is a portion of the result of differentiating
Eq. (7) in the logarithmic form without the cross-correlation terms.
In concept, Eq. (8) can be interpreted as the percent change of the
RHS wind radius (aY/Y) equals the sum of the percent changes of the
meteorological vartables.

The predictors of Eq. (8) shown in Table 2 include the change
of wind radius (persistence), maximum wind (intensity), position
(latitude and lonjitude), and the movement (east-west and north-

south components) for the past 6-, 12-, 18-, and 24-hr periods. The
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Table 2. Meteorological variables used in Eq. (8). "he
subscript denotes the time period which is calculated
from the warning time (00). Forecast (fcst) periods
are +12 and +24 hr.

PREDICTAND:
1 R(fcst, 00) = (R « Ron)/Ron *100% Percent radius change from
fest 00 00 fcst time to 00 hour.
PREDICTORS :
1 R(00, -6) = (Roo - R-G)/R-s *100% Percent radius change for the
past 6 hours.
2 R(00, -12) = (Ryy - R_yo)/R 5 *100% Percent radius change for the
past 12 hours.
3 R(00, -18) = (Roo - R_yg)/R_yg *100% Percent radius change for the
past 18 hours.
4 R(00, -24) = (Ryn - R_,a)/R_,, *100% " |percent radius change for the
00 24 24 past 24 hours.
- I{fcst, 00) = (I = Iag)/ 1y *100% Percent maximum wind
fest 007" 00 (intensity) change from fcst
time to 00 hour.
6 1(00, -8) = (1yg - 1_g)/1_ g *100% Percent maximum wind change
for the past 6 hours.
7 1(00, -12) = (Igg - I 45)/1 4, *100% Percent maximum wind change
for the past 12 hours.
8 1{(00, -18) = (l00 - 1_18)/1_]8 *100% Percent maximum wind change
for the past 18 hours.
9 100, -24) = (I59 - 1_,4)/1_ 5, *100% Percent maximum wind change
for the past 24 hours.
10 ¢{(00, -6) = (‘00 - 0_6)/10’ *100% Percent latitude change for
the past 6 hours.
1" ¢+(00, -12) = (’00 - o_]z)/10° *100% Percent latitude change for
the past 12 hours.
12 s(00, -18) = (ooo - o_]a)/lo° *100% Percent latitude change for
the past 18 hours.
13 ¢(00, -24) = (9g - ¢_py)/10° *1003% Percent latitude change for
the past 24 hours.
14 2(00, -6) = (2gq - A _g)/10° *100% Percent longitude change for
the past 6 hours.
15 2 (00, -12) = (‘00 - x_,z)/lo° *100% Percent longitude change for
the past 12 hours.
16 x(00, -18) = (*00 - x_]a)/10° *100% Percent longitude change for
the past 18 hours.
17 A(00, -24) = (‘00 - A_z‘)/lo° *100% Percent longitude change for
the past 24 hours.
18 u(oo, -6) = (Uoo - U_G)/(Vvat)_6 *100% Percent E-W movement change
for the past 6 hours.
19 u(o0, -12) = (U00 - U_lz)/(Vvat)_lz *100%]Percent E-W movement change
for the past 12 hours.
20 v{o0, -18) = (UOO - U_ls)/(vmvt)_]B *100%]Percent E-N movement change
for the past 18 hours.
21 U(00, -24) = (Ugq - U_p4)/(VVmvt) ,, *100% JPercent E-W movement change
for the past 24 hours.
22 v(oo, -6) = (Voo - V_s)/(Vvat) 6 *100% Pe.cent N-5 movement change
- for the past 6 hours.
23 v(00, -12) = (Vgg - V_3,)/(V¥mvt) ,, *100%|Percent N-S movement change
for the past 12 hours.
24 v(00, -18) = (V4 - V_;g)/(VVmvt) ;o *100%|Percent N-S movement change
- for the past 18 hours.
25 V{00, -24) = (Vgg - V_54)/(VVmvt) ,, *100%]|Percent H-S movement change
for the past 24 hours.
Latitude/longitude changes are divided by the scale of the tropical cyclone
(10°). Movement changes are divided by the speed of the movement instead
of the respective components.
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forecast periods are 12 and 24 hr. The 48- and 72-hr forecast period

data are not used beause of the small sample size.

By using the International Mathematical and Statistical
Library's (IMSL 1979) stepwise regression computer routine RLSEP,
the identical five predictors for both 12- and 24-hr forecast
periods were selected. These are the R(00,-12) and R(00,-24), the
persistence predictors which measure the persistence change of the
wind radius for the past 12- and 24-hr periods;'and the I(fcst,00),
1(00,-12), and I(00,-24), the maximum wind predictors which measure
the maximum wind changes for the forecast, past 12, and past 24 hh
periods. Then by using a random clustering procedure and the IMSL's
multiple linear regression routine RLMUL, all bj values of the
selected five predictors are estimated at above 95% confidence

level.

The estimated regression coefficients for the 24-hr forecast
period are almost identical to those for the 12-hr period shown in
Table 3. Since 61% of the variance can be explained by the five
predictors selected for the 12-hr forecast period and only 38% of
the variance can be explained by the predictors for the 24-hr
period, only the 12-hr forecast algorithm will be used. A review of
the selected coefficients in Table 3 shows that only two types of
variables, persistence and maximum wind change, are selected. This
reconfirms the conclusion found in the diagnostic study, i.e., the
size of the radius of a tropical cyclone is positively correlated to

the change of the maximum wind and is not significantly related to

any other variables.

21
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Table 3. Regression coefficients for the wind radius forecast
algorithm for the 12 hr forecast period.

b

b

b

b

by by 2 3 4 5
constant |R(00,-12) | R(00,-24) | I(fcst,00) | 1(00,-12) | 1(00,-24)

Vmax (kt) Regression Coefficients for 30-kt wind radius forecast

©31-35 22.984 | -0.203 -0.029 | ' 0.384 1.961 -0.533
36-45 14.735 | -0.163 0.001 | 0-854 | 0.910 -0.383
46-55 8.868 | -0.167 -0.040 0.291 0.947 -0.143
56-65 8.814 | -0.143 -0.048 0.444 0.694 -0.108
66-75 6.388 | -0.200 -0.076 0.478 0.199 0.164
76-85 6.760 -0.186 -0.088 0.571 0.240 0.068
86-95 4.086 | -0.201 -0.099 0.168 0.331 0.108
96-105 2.724 | -0.370 -0.112 -0.207 | 0.560 0.089
106-115 3.050 | -0.502 -0.077 -0.503 1.065 -0.128
116-125 4.696 -0.182 -0.158 0.428 | 0.444 0.009
126-135 7.268 | —~0.126 -0.232 0.531 | -0.198 0.429
2136 9.254 0.051 -0.295 -0.196 | o0.168 0.313
Vmax (kt) Regression Coefficients for 50-kt wind radius forecast

51-55 -20.259 | 0.122 -0.229 0.496 0.663 0.950
56-65 -11,070 |  0.001 -0.141 1.084 0.483 0.669
66-75 g.184 | -0.043 ~0.301 1.117 0.165 0.994
76-85 16.585 | -0.310 -0.057 0.508 1.581 -0.221
86-95 11.585 | -0.296 -0.087 0.292 1.349 -0:.298
96+105 11.495  -0.330 -0.076 0.400 0.972 -0.148
106-115 7.950 | -0.263 -0.081 -0.004 0.806 0.148
116-125 3.932 | -0.123 -0.157 1.067 -0.633 0.723
126+135 8.221 | -0.289 -0.057 1.106 -1.048 0.875
2136 13.029 | -0.365 -0.089 0.972 ~0.931 0.812

''''''''''''''''
.
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In further examination of the values of those estimated
coefficients, a few interesting aspects of the variation of these
coefficients can be observed. The magnitudes of the coefficients of
the persistence predictors bj and by are almost exclusively small
and negative, which implies that the wind radius resists change.

For example, if the wind radius has increased for the past 12 or 24
hours, the future wind radius is likely to decrease slightly. This
phenomenon may be caused by the nature of the data reporting
procedure. If wind radius reports are examined with respect to
time, the wind radius variations would resemble a stepwise function
(Fig. 6). Once a new value is reported, the future forecast radii
tend to be kept at the same magnitudes.

It is not surprising to find that the I(fcst,00) is shown to be
positively correlated with the wind radius forecast, since this
relationship was demonstrated in Section 3. It is somewhat
surprising, however, to find that the most dominant predictors for
the 30-kt wind radius forecast is 1(00,-12) instead of I(fcst,00).
It is possible that although the maximum wind near the center varies
immediately with the changes of the central pressure of the cyclone,
the wind at adistance from the center cannot adjust as fast as the
maximum wind. Hence, a lag exists between the change of the maximum
wind and that of the wind radius. The fact that the 1(00,-6)
predictor is not a significant variable implies that the time lag
discussed here may not arise artificially from the reporting
procedure and is indeed around 12 hr. This time lag seems to

support the idea that the wind-pressure gradient adjustments may

23
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originate at the inner core of the cyclone and propagate outward.

Hence, the wind radius closer Lo the center would be influenced by

changes in intensity before the outer wind radii would change.
With the aid of the regression coefficients shown in Table 3

and the given forecast maximum wind (I¢..4), one can estimate the

forecast 50 and 30 kt RHS radii (Rfcst) bY»

: Recst = Roo {1 + [bo + b1*R(00,-12) + b2*R(00,-24) + b3*I(fcst,00)
+ b4*I1(00,-12) + bs*I1(00,-24)]/100}.

E (9)

E; Once the Rfcst from Eq. (9) and the asymmetry from the observation

3? are obtained, the asymmetric surface wind distribution can be

i estimated from Eq. (2). This wind field then can be adjusted by the
? actual radius of the maximum wind. If the current maximum wind is

Ef equal to or less than 50 kt and is forecast to increase above 55 kt,

the RHS 50-kt wind radius can be estimated through Eq. (6) by using
the known 30-kt wind radius. In addition, if the RHS 100-kt wind
radius 1is needed, it can be also estimated through Eq. (6) by using
the known 50-kt wind radius.

The above described wind radius forecast algorithm has been
made into a wind radius forecast aid computer program called WINDIS
which currently restdes on the computer system at the Fleet
Numerical Oceanography Center (FNOC), Monterey, CA, 93940. The
WINDIS can be executed via the Naval Environmental Data Network

. (NEDN) by ARQ number Q92-54--. The exact input/output format for

the computer program is described in the Tropical Cyclone Wind

P aar S o ab 2k ok 0 omk ol ps SN L AL ot o e o § "
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Radius Distribution Program (WINDIS) Functional Description and
User's Gutide (Tsui, 1980a,b). A sample output of the WINDIS program
is shown in Table 4.

A suggested wind radius warning message as part of the WINDIS
output 1s extracted from the results obtained through the above
described forecast procedure. These messages are so worded that
they can be inserted directly into the Tropical Cyclone Warnings.
Forecasters also can select the information from the detailed
forecasts as shown in Table 4 to construct a modified wind radius
warning message.

The wind radius forecast algorithm (WINDIS) was tested by using
1979 JTNC official tropical cyclone warnings as an independent data
set. Since 12-hr, 30-kt wind radius forecasts are not issued, the
comparison 1s made to the 24-hr, 30-kt wind radius forecasts, which
¢ are made by doubling the 12-hr forecast procedure. Fig. 7 shows the
! comparison between the 24-hr, 30-kt radius forecasts made by JTWC

and by WINDIS. The Rogs shown in Fig. 7 is the wind radius report
at the warning time. Both forecasts are based on the JTHWC's maximum

wind forecasts so that the comparison will be realistic and
homogeneous. To avoid the inherent size difference from cyclone to

cyclone, the comparison is made on the deviations from the verified

& radius: RJTWC - ROBS and RWINDIS - Rops: It 1s easy to visualize
% from Fig. 7 that an almost one-to-one positive correlation exists
:: between the two variables. When RJTWC !S over- or under-forecast,
&) the RyiNpIS correspondingly 1s over- or under-forecast. Using the

coordinates shown in Fig. 7, the least squares fitted slope between

26
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Table 4. Example of output of the wind radius forecast
algorithm. for Typhoon Hope, 06Z 1 Aug 1979. Input
values are underlined.

v

I DT

NN

3 Ml

Ry

*w++ay[ND RADIUS DISTRIBUTION PROGRAM**vsw
TROPICAL CYCLONE HOPE STORM MO. 9,  YYNMODWH=29080106

RADIUS OF EYE : 9 MM
RADIUS OF OVER 30 KT WINDS : 240 MM
RADIUS OF OVER 50 kT WINDS : 90 Mt

TAU=00, INTENSITY=125 KIS, LAT,LONG = 20.8M, 12L.6F
TAU12, INTENSITYs)]S KIS, LAT,LONG = 2L.7M. LI8.2E
TAJr24, INTENSITY= 85 KIS, LAT,LONG = 22.5N, 113.9€
TAU=48, INTENSITY= 20 KIS, LAT,LONG = 2L.ZN. 105.4F

WA ¢+FORECASTS FOR THE SYMMETRIC WIND RAD][#wwww

TROPICAL CYCLONE HOPE STORM NO. 9,  YYMMDOWH = 79080106
RADIUS OF EYE = 9 WM
TAU= -24 =32 00 12 24 3% 48 60 72
INTENSITY (KTS) J0S LM 125 115 8 60 3
100 KT RADIUS (NM) 4 A X >
50 KT RADIUS (W) 30 100 30 100 65 15
30 KT RADIUS (WM) 240 260 240 150 120 45

whwat SUGGESTED WIND RADIUS WARNING MESSAGES wewew

TAU=00, VALID AT 79080106
RADIUS OF OVER 100 KT WINDS 30 WM
RADIUS OF OVER 50 KT WINDS 90 NM NNN QUAR, 75 MM ELSW
RADIUS OF OVER 30 KT WINDS 240 NM NNN QUAR, 210 NM ELSW

TAU=12, VALID AT 79080118
RADIUS OF OVER 100 KT WINDS 25 NN
RADIUS OF OVER 50 KT WINDS 100 MM NN QUAR, 80 WM ELSH
RADIUS OF OVER 30 KT WINDS 150 N M QUAR, 130 W0 ELSH

TAU= 24, VALID AT 79080206
RADIUS OF OVER S50 KT WINDS 65 MM NNN QUAR, 50 MM ELSW
RADIUS OF OVER 30 KT WINDS 120 WM MWW QUAR, 100 WM ELSW

TAU=48, VALIOD AT 79080306
NOnE
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the two variables is 0.938 (Student t score = 19.6, df = 116). The
average error for WINDIS is 37 nm1 and 30 n mi1 for JTWC. For all
practical purposes, the WINDIS algorithm possesses skills similar to
those of JTWC forecasters. The algorithm, in a sense, actually has
quantified the combined experience of all JTWC forecasters and can

be very useful for the new forecasters. To produce the wind radius

_forecasts beyond the 12-hr period, the algorithm is repeated

(providing that the forecast maximum winds are given).

Fig. 8 shows a comparison similar to that just discussed,
except for the 50-kt wind radius for the 12- and 24-hr forecast
periods. The average forecast error of 189 cases for Ryinpis for
the 12-hr forecast period is 16 n mi, and for RygTwc 'S 12 n mi. The

average error of 76 cases for RyyNpIs for the 24-hr forecast period

1s 17 nm1 and for RJTWc 1S 14 nmi. It is clear that the trends

for both periods are very similar to the trend shown in Fig. 7.

5.  SUMMARY

A unique surface 50 kt and 30 kt wind radius data set has been
compiled from the tropical cyclone warnings issued by JTWC between
1966 and 1977. The results of two different analysis methods
applied to this data set indicate that the change of the size or the
wind radius of a typical western North Pacific tropical cyclone
depends on the change of the maximum wind. Persistence is also
detected in the wind radius variation. In addition, the surface
wind exponentially decreases along a radial axis from the maximum

wind as the distance from the radius of the maximum wind increases.
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Fig. 8. Similar to Fig. 7, except for comparisons of 189 pairs
for the 12 hr 50 kt forecast (this page) and 76 pairs for
the 24 hr 50 kt forecast (next pageg.
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The exponential relationship is similar to, but more flexible than,
the Vr relationship which has been traditionally thought of as the
radtal wind profile for a tropical cyclone. Results also show that
a time lag exists between the change of the maximum wind and the
change of the 30-kt wind radius. This suggests that the wind-
pressure gradient adjustments may originate from the inner core of
the storm and slowly propagate outward.

Results of the asymmetry study indicates that the asymmetry of
the typical western North Pacific tropical cyclone depends on the
speed of movement of the cyclone. On the average, the LHS wind
radius 1s 70-80% of the RHS radtus.

Also formulated 1s an empirical wind radius forecast algorithm
in which the forecast change of RHS wind radius of a tropical
cyclone depends on the past wind radius change, and the past fore-
cast change of the maximum wind. Thus. by providing only the
forecast of maximum wind, the RHS forecast wind radii can be
estimated via Eq. (9). If these forecast wind radii are
incorporated with the radial wind profile, Eq. (6), and the
azimuthal wind distribution, Eq. (2), relationships, a typical
asymmetric forecast wind distribution around a western North Pacific
tropical cyclone can be estimated. For all practical purposes, this
empirical wind radius forecast algorithm reflects the combined

experience of al)l JTNC forecasters and exhibits an objective wind

radius forecast ski1lls similar to those of a JTWC forecaster.
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APPENDIX
EXAMPLE OF ASYMMETRIC WIND DISTRIBUTION COMPUTATION

In the following example, Hurricane Anita's wind distribution

HEARAMG - (R

at 19Z August 31, 1977 is deduced from the known intensity and one

P a0

observed wind. As stated in the text, the equations used are
Rg = rg/rR = 1 = (1-A) [1 + cos(e-270)]/2 , (2)

and

V/Vpax = eY(R/R172) , (6)

L o
Ehi

where vy = -0.693.

Input:

HEE S At s

1. Intensity of Anita at 19Z August 31, 1977 extracted from

Mariners Weather Log (January 1978),
Vmax = 67 ms-1.
2. Wind ohservation extracted from Fig. 5. The 40 ms-1 wind
2t 41 n mi S5SE of the center 1s used in this example.
3. Asymmetry s set at climatological value,
A - 0.84
Computation Steps:
1. Convert the wind observation to tnec wind at RHS of Anita.
By rearranging Eq. (2) and letting
e = 1800,
A = 0.84,
r. =40 n mi,

)
Eq. (2) yields

E R = 50 n mi

- ey et L . o . D P R SR R
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Find the referent radius Rj /. By rearranging Eq. (6) and

letting
V = 40 ms-1,
Vmax = 67 ms-1,
R = r-15 = 50-15 = 35 n mi,
Eq. (6) yields
Ri/2 = 47 n mi
Now, we have obtained Rl/z- Since Vmax is known, Eq. (§)
can produce any radius (r) by any given wind (V); e.g.,
V=>50ms-1, R =19 nmi, r = (R+15) = 34 n mi;
V=30ms-1, R=54nmi, r = (R+15) = 69 n mi;
V=20ms-1, R = 82 nmi, r = (R#15) = 97 n mi;
V=10ms=1, R =129 n mi, r = (R+15) =144 n m.

Find the wind radii at any arbitrary azimuthal angles. In
Fig. (5), the angle of 180’o is used. By rearranging
Eq. (2) and letting

6 = 1800 (rygp = rp)»

A = 0.84,

then
YL =34 nmi, if rg = 28 n mi;
rL = 69 nmi, if rp = 58 n mi;
'L =97 nmi, if rg = 81 n mi;
rL = 144 n mi, if rp = 121 n mi;
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